Introduction its turnover, Sic1 has become an important model for understanding the mechanism and regulation of ubiquiThe ubiquitin-proteasome pathway has emerged as the central mechanism for regulating protein stability in tin-dependent proteolysis. Nevertheless, many questions remain regarding the degradation of Sic1 and other eukaryotic cells (Hershko and Ciechanover, 1998) . Through a series of steps, ubiquitin is shuttled from a 26S proteasome substrates. For example, (1) is a single multiubiquitin chain sufficient to sustain a physiological ubiquitin-activating enzyme (E1) to a ubiquitin-conjugating enzyme (E2) and then covalently attached onto a rate of degradation? (2) Does the position of the multiubiquitin chain within a substrate influence degradation? lysine of a targeted protein, usually in conjunction with a ubiquitin ligase (E3). The assembly of a lysine 48 linked (3) What effect do tightly bound partners have on a substrate's ubiquitination and degradation? The develtetraubiquitin chain upon the substrate results in the protein being recognized and degraded by the 26S proopment of an in vitro system that recapitulates both the ubiquitination and degradation of Sic1 with purified teasome (Thrower et al., 2000).
E3s confer substrate specificity and play a direct role components allows these and other questions to be addressed with a physiological substrate (Verma et Deshaies, 2000) or by N-terminal ubiquitination (Ciecha-BC-VHL), APC (anaphase-promoting complex), and SCF nover et al., 1999), we sought to determine if lysines are (Skp1, cullin, and F box) contain a conserved RING subindeed required for Sic1 turnover. We mutated all 20 lysines to arginine of Sic1 fused to green fluorescent protein (K0-GFP) and assessed the behavior of this protein in vivo. Similar to Sic1-⌬3P which contains mutations in four CDK sites (Verma et al., 1997a) , constitutive expression of K0-GFP was toxic ( Figure 1A ) and induced an elongated bud morphology characteristic of G1 arrest ( Figure 1C) .
To measure the stability of these proteins, we transiently induced their expression in cells arrested in G1. After release from G1 arrest and promoter shutoff, samples were taken and analyzed. Whereas WT-GFP showed a major decrease after 40 min, K0-GFP and GFP were detectable up to 180 min after release ( Figure 1B) .
In cells expressing WT-GFP or GFP, endogenous Sic1 disappeared at 20 min and reaccumulated by 120 min after release. K0-GFP expression delayed Sic1 turnover up to 120 min. In contrast, expression of Sic1-⌬3P blocks cell cycle progression but does not prevent Sic1 turnover (Verma et al., 1997a) .
Sic1 is both nuclear and cytoplasmic, while Cdc4 is nuclear, suggesting that Sic1 is shuttled to the nucleus prior to the onset of S phase of the cell cycle (Henchoz et al., 1997) . Therefore, we evaluated the localization of K0-GFP to determine if its stability was a result of nuclear exclusion. Whereas GFP was diffusely localized throughout the cell, WT-GFP and K0-GFP were both moderately concentrated in the nucleus ( Figure 1C ). of WT-GFP, K0N-GFP was stable up to 180 min after release ( Figure 3B ). Both K0N-GFP and K0C-GFP dis- To distinguish between these models, we performed ubiquitination assays with K0 Ub. In the absence of S-CDK, the conjugation of K0 Ub onto Sic1 resulted in a mobility shift of up to 100 kDa, indicative of more than 10 K0 Ub attachments ( Figure 5A ). However, upon titrating in S-CDK, the mobility of Sic1 decreased to 98 kDa (corresponding to 47 kDa recombinant Sic1 plus 6 to 7 attachments of 8 kDa K0 Ub).
K0-Sic1 Inhibits S-CDK Activity and Binds to SCF
To explore the location of attachment sites, lysines residues were mutated starting with the first six (determined to be required for Sic1-GFP destabilization, Figure 3B) and continuing toward the C-terminal S-CDK binding site. In the absence of S-CDK, all substrates except K0-Sic1 were ubiquitinated ( Figure 5B ). In contrast, addition of S-CDK suppressed utilization of C-terminal lysines. While some conjugation was observed with Sic1 containing 14 and 11 C-terminal lysine residues, the contribution of these residues was minor because only a relatively small fraction of molecules were converted to modified forms. Consistent with the interpretation that the N-terminal six lysines are the major ubiquitination sites of Sic1, the number of K0 Ub adducts on WT and K0C substrates bound to S-CDK was similar, while little attachment to S-CDK bound K0N was observed ( Figure 5D ).
The Association of S-CDK with Sic1 Restricts Ubiquitination to Lysines that Support Efficient Degradation by the 26S Proteasome
Although K0N could be extensively conjugated with Ub on multiple lysines in the absence of S-CDK, it was extremely stable in vivo. We reasoned that K0N-GFP stability could reflect either the relative rate of its ubiquitination, the ability of Ub chains attached to C-terminal lysine residues to sustain turnover of Sic1 by the proteasome, or both. 25% of input recovered). In contrast, the bulk population influenced the repertoire of lysines in Sic1 that can be ubiquitinated by SCF
Cdc4
, effectively shielding those that of ubiquitinated K0N bound with 1/5th the efficiency (5% of input recovered), and only the highest molecular are unable to sustain proteasome-dependent degradation and (2) SCF was able to catalyze the polymerization weight Ub conjugates of K0N were recovered (approximately 10%). Thus, whereas the five to six most C-terminal of long (Ͼ10 ubiquitins) substrate-linked chains on any one of multiple N-terminal lysines. Each of these points lysines of Sic1 appear to sustain ubiquitin chain assembly ( Figure 5B) , only a small fraction of these molecules is discussed in more detail in the following paragraphs. are competent to serve as proteasome substrates.
How ., 1991] ). Moreover, Ub5-␤-gal is not degraded at all. It was suggested that the stability of Ub5-␤-gal in these experiments might arise from a requirement for extraproteasomal chaperones to help unfold the Ub5-␤-gal (Thrower et al., 2000) . We suggest instead that rapid and processive degradation of tightly folded or multimeric substrates requires more than a single substrate-linked ubiquitin chain-particularly for nonphysiological substrates like ␤-gal and DHFR that have not evolved to be susceptible to the proteasome's intrinsic unfoldase activity (Verma et al., 2001) . Given that the proteasome has multiple intrinsic (Rpn10, Rpt5) and extrinsic ( suggest that this does not reflect an absolute requirement for multiple ubiquitin chain attachments, but rather may facilitate efficient ubiquitination and degradation. definitive than is perhaps commonly perceived. It has been shown for both I K B (Scherer et al., 1995) and ␤-galactosidase (Bachmair and Varshavsky, 1989) that Are All Ubiquitin Chains Equivalent? It is conventionally assumed that the ubiquitin chain one or two lysines near the N terminus are necessary for degradation, but it was not established that they are is a cis-dominant determinant of protein turnover, and hence a ubiquitin chain placed anywhere in a polypepsufficient. Interestingly, addition of more lysines to the N terminus of ␤-galactosidase dramatically accelerates tide should serve as a sufficient signal for degradation. Our data challenge this view. First of all, in the absence its rate of turnover (Suzuki and Varshavsky, 1999), which is consistent with the notion that attachment of multiple of S-CDK, Sic1 that lacks its N-terminal lysines (K0N) was heavily ubiquitinated in vitro, but the ubiquitin conubiquitin chains may be required for rapid turnover of this protein (see below).
jugates were degraded very slowly by the proteasome. Admittedly, technical limitations prevent us from knowThe most authoritative experiments to address this issue have been the studies on Ub5-dihydrofolate reing the length of any one ubiquitin chain on these K0N molecules. However, even the fraction of the ubiquitiductase (Ub5-DHFR) and Ub5-␤-galactosidase (Ub5-␤-gal) reported by Pickart and colleagues (Thrower et nated K0N molecules that exhibited a mobility shift of at least 200 kDa, implying attachment of ‫52ف‬ or more al., 2000). We propose that this work can be alternatively ubiquitins, were degraded slowly. Studies with K0 Ub tion of any single N-terminal lysine to K0N-GFP also supported rapid Sic1 turnover in vivo, although the turnindicate that 5-6 lysines of K0N were conjugated with ubiquitin; even if these were spread equally among the over rate varied only modestly. We do not know why turnover rate is more sensitive to chain position in vitro, lysines, it is evident that there should be enough ubiquitin present to assemble a tetraubiquitin degradation sigbut it is possible that other processes (nuclear translocation, phosphorylation, ubiquitination) are rate limiting for nal on at least one lysine.
Our evidence that context plays an important role in degradation in vivo and thus mask the effects of ubiquitin chain position, or that the longer time scale of the in the targeting function of a ubiquitin chain is not limited to K0N. We also demonstrate that chains of ‫6ف‬ to 20 vivo experiments makes it difficult to resolve the kinetic differences observed in vitro. Finally, we have also obubiquitins can be assembled on Sic1 containing unique lysines at positions 32, 36, 49, or 84. Although these served that autoubiquitinated Cdc34 (which is present in the same reactions as ubiquitinated Sic1) was compeubiquitinated substrates appeared equivalent by SDS-PAGE, they were degraded at markedly different rates. tent to bind the 26S proteasome in a ubiquitin-dependent manner ( 
